Abstract. The ball burnishing process with hydrostatic tools is very economical finishing process for various types of machine parts. This process reduces the height of surface unevenness, introduces compressive stresses at high depth (approx. 1 mm) and increase the hardness of the surface layer. The paper presents effect of the ball burnishing process parameters with hydrostatic tools on the surface structure geometry of titanium alloy. This shows how the surface roughness can be reduced after preceding operation by the ball burnishing process. This process changes the surface stereometrics of the previously milled surface. Burnishing with hydrostatic tools can be easily and effectively used either on conventional or on CNC machines. The Ecoroll burnishing system used in this research consists of a high-pressure hydraulic pump (model 4.0 HGP) and the 6 mm diameter burnishing tool both connected via high-pressure hoses. The burnishing tool is based on a hydrostatics principle; the key element is a 6mm ball made of ceramics. The input process parameters considered in the paper included: burnishing rate, applied pressure and line to line pitch. It also showed a positive effect of hydrostatics burnishing on roughness and geometric structure of the surface. In most cases, the result is anisotropic surface, reduced roughness, reduced amplitude values of parameters such as: Sa, Sz. The biggest impact on the value of indicators of geometric structure comes from pressure, the smaller (but still significant) impact results from a tool speed and line to line pitch
Introduction
Materials such as titanium and its alloys, in special Ti6Al4V, are widely used in military, aircraft, spacecraft and medical industry. The Ti-6Al-4V alloy is one of the most utilized Ti alloys, accounting for more than 50% of total titanium usage [1] . Low thermal conductivity and the volume specific heat of these materials result in very high cutting temperature during machining. In addition, the ability of these materials to maintain strength at high temperature and severe work hardening lead to higher machining forces [2] . Titanium alloys are generally accepted as "difficult-to-machine" materials. Furthermore, the ability to change phase of titanium alloys makes the deformation process more complex. Titanium and its alloy have excellent weight ratio to strength which is maintained at high temperature and very high corrosion resistance. However, Ti-6Al-4V alloy is known to possess poor wear resistance that restricts its applications particularly in areas involving wear and friction [3, 4] . The ball burnishing process with hydrostatic tools is very economical finishing process for various types of machine parts. Burnishing tools can be used with both conventional and numerically controlled turning and milling machines [5] . Hydrostatic burnishing tools increases the fatigue strength of metal components. Both low and high cycle fatigue resistance is increased and stress corrosion cracking is prevented or reduced [6] . This process is well suited for treating both rotationally symmetrical parts and freeform surfaces. In ball burnishing -ball is pressed against the workpiece surface, plasticizing the material`s surface layer and changing the surface`s micro-structure. At the contact point, the deep rolling force generates Hertzian contact stresses in the material`s rim zone. If this stress is higher than the material`s yield strength, the material near the surface starts to flow. After the process, residual compressive stress remain in the zone, increasing the material fatigue strength.
Burnishing can be used widely on various materials such as aluminum, steel [7, 8] , alloys [9, 10] and brass [11] . The effect of ball burnishing on surface stereometrics structure is the most commonly described in paper reviews. The most concern parameters are feed, force and speed. Force plays a vital role in the ball burnishing process. From the start of the plastics deformation, an increase in force causes surface roughness to decrease until it reaches to a reasonably low value. Due to the overly high force may results in spalling of the surface [8, 10] .
Experimental Investigation

Materials and experimental equipment
Experimental investigation was carried out on flat bar of titanium alloy Ti-6Al-V. Titanium alloy Ti-6Al-V, work material is a (α+β) which was commercially available of aerospace grade 5. Chemical composition of the material is given in table 1. The turning and burnishing tests were performed on Hass VF-1 vertical CNC machining center of 22 kW spindle power with a maximum spindle speed of 8000 rpm. Initially, titanium bars were milled using, cutting speed of 155 m/min, depth of cut of 0.2 mm and feed of 0.075 mm/tooth. A carbide tipped end mill insert of 12 mm was used as the cutting tool. The effect of the burnishing process depends on the initial surface roughness. The machined average roughness was found to be in the range 0.60 μm. Table 1 . Chemical composition of titanium alloy Ti-6Al-4V.
The Ecoroll burnishing system used in this research consists of a high-pressure hydraulic pump (model 4.0 HGP) and the 6 mm diameter burnishing tool both connected via high-pressure hoses. Pressure was supplied by the hydraulic pump, which is equipped with its own coolant tank and pump at the coolant maximum pressure of 40 MPa. The burnishing ball is placed in the tool in (replaceable) slot where it can be rotated in either direction. Additionally, the tool head can "move freely" with approx. 6-8 mm (without changing the pressure), which allows for eliminating small errors (e.g. the shape) of the workpiece. The tests were carried out according to the static, determined, sequential, polyselectional Hartley's plan, as recommended in the study of surface layer [12] . Depending on the distance and location of experimental points (in the space of operation factors) with respect to the central point (zero), these plans can be built on hypersphere or hypercube. Group of plans built on a hypercube, requires experiments only on three equally spaced levels of variability of operation factors [13] . Such plan as to obtain the mathematical model of the process tested in the form of a polynomial of the second degree was assumed in this work. It consists of three blocks of experiments -fractional repetition of experiment type PS/DK 2n, experiment in stellar points with arm α = 1 and experiment in the plan central point.
The three-level planning is done encoding the factors of input variables at three levels, higher -marked as "+", mean (basic, zero) -marked as "0" and lower-marked as "-". The burnishing process parameters considered for this study were burnishing pressure force, burnishing speed and burnishing width. Other parameters were held constant, as their effect was not significant as seen from the preliminary studies. The design matrix is given in Table 2 . 
Results and discussion
The sample was measured by Talysurf CCI white light interferometer. The number of measurement points was 1024 x 1024 in the area of 3.3 x 3.3 mm., height resolution was 0.01 nm. The surface roughness measurements were performed with a cutoff length of 0.8 mm. and an average of five readings was taken. The forms were removed using polynomial of the 3rd degree. The surface topography parameters were then calculated using software Talymap Gold. The parameters from ISO 25178 standard [14] were analyzed. Height parameters:  Sq -root mean square height of the surface,  Ssk -skewness of height distribution,  Sku -kurtosis of height distribution,  Sp -maximum height of peaks,  Sv -maximum height of valleys,  Sz -maximum height of the surface,  Sa -arithmetical mean height of the surface The surface texture parameters for the eleven experiment variants (and one after milling) are given in Tables 3. Figures 1,2 respectively show the chosen topography of the surface after burnishing for the smallest value of Sa parameter and threshold for burnishing and milling surface. 
Milling zone Burnishing zone
It can be seen from the analysis of the surface topographies that a milling surface has an anisotropic characteristic. The ordinate distribution is similar to a Gaussian with low negative skewness (Ssk = -0.19 and Sku = 3.52). The following amplitude parameters were obtained on average: Sa = 0.6 µm, Sz = 5.5 µm, Sp = 2.8 µm, and Sv = 2.7 µm.
As a result of the ball burnishing, the height of the surface topography decreased. Depending on the machining conditions, the following amplitude parameters were obtained: Sa = 0.041-1.87 µm, Sz = 0.58-2.51 µm, Sp = 0.306-1.36 µm, Sv = 0.275-1.34 µm, Sq = 0.052-0.227 µm; however, the lowest values for the amplitude parameters (Sq = 0.052 µm, Sa = 0.041 µm, and Sz = 0.052 µm) correspond to highest burnishing pressure -20 MPa. For a burnishing pressure of 15 MPa, only one parameters reach the lowest values Sku = 2.18
Ssk parameteres represents the degree of symmetry of the surface heights about the mean plane. The sign of Ssk indicates the predominance of peaks (i.e. Ssk>0) or valley structures (Ssk<0) comprising the surface. Sku indicates the presence of inordinately high peaks/ deep valleys (Sku>3.00) or lack thereof (Sku<3.00) making up the texture.
After ball burnishing, the following parameter values describing the shape of the ordinate distribution were obtained: Ssk = -0.376-0.123, and Sku = 2.18-3.29. The Ssk parameter for burnishing pressures of 10 MPa indicates a valley structure (Ssk<0), and for 15 and 20 MPa, a predominance of peaks (Ssk>0) occurs. For all experiments with burnishing pressure 20 MPa the Sku parameters is above 3.0, which means height distribution is spiked.
The surface texture of the milled and burnished sections of the work piece is shown in figure 2 . On the left side of the image, one can clearly observe the feed marks on the milled surfaces, area on the right side represents a smoother burnished surface. Comparing the value of S parameters for milled surface (Sa = 0.6 µm) and the lowest value of Sa parameters after burnishing (Sa = 0.041 µm) we can observe almost fifteen times smaller value.
As presented in table 3, the surface roughness appreciably decreases for high force value of 20 MPa and further the surface roughness increases further for lower range 15-10 MPa. This is due to the fact that at the commencement (when the force value is small), the burnishing ball penetrates a little distance into a work surface, causing a little or incomplete deformation of the asperities and thus resulting into reduced surface roughness.
The reduced surface roughness noticed at higher force ranges may be probably due to increased ball pressure on workpiece. Surface resulting in shrinking the most asperities and increasing the metal flow that leads to filling of more voids and/or valleys.
Conclusions
Ball burnishing with hydrostatic tools can be efficiently used to machine titanium alloy components Ti6Al4V with hardness of 36 HRC, provided proper selection of machining parameters. In this process, we can effectively modify the roughness of the surface. Proper selection of process parameters (significantly influenced by pressure, speed, width) allows reduce geometrical structure of the surface (height parameters).
The use of static determined, sequential, polyselective Hartley PS / DS-P: Ha3 plan enables clear identification of interdependencies between key process parameters and the properties of geometric structure of the surface. Ball burnishing process with hydrostatic tools leads to improvement of indicators of geometric surface structure. In most cases, the result is anisotropic surface, reduced roughness, reduced amplitude values of parameters such as: Sa, Sz. The biggest impact on the value of indicators of geometric structure comes from pressure, the smaller (but still significant) impact results from a tool speed and line to line pitch.
